ABSTRACT: The majority of asthma exacerbations are caused by rhinovirus. Currently the treatment of asthma exacerbations is inadequate. Previous evidence suggests that macrolide antibiotics have anti-inflammatory and antiviral effects; however, the mechanism is unknown.
R espiratory viral infections are associated with the majority of asthma exacerbations (,80%) in both adults [1, 2] and children [3, 4] . Asthma exacerbations are the major cause of morbidity, mortality and healthcare costs in asthma [5] . The mechanisms of virus-induced asthma exacerbations are poorly understood [6] . Inhaled corticosteroids reduce asthma exacerbation frequency [7] [8] [9] ; however, this effect is only partial even in combination with long-acting b 2 -agonists [10, 11] , more effective therapies are therefore necessary. Rhinoviruses (RV) are responsible for ,60% of virus-induced exacerbations [1, 4] . Asthmatics have an increased susceptibility to RV infection compared with normal subjects [1] . A novel mechanism for this increased susceptibility has been identified recently: asthmatics exhibit lower levels of interferon (IFN)-b and IFN-l gene and protein expression upon RV infection [12, 13] and IFN-l levels negatively correlate with exacerbation severity [13] .
Type I IFNs consist of the single gene IFN-b and numerous IFN-a. The recently discovered type III IFNs consist of IFN-l1, 2 and 3 (respectively IL-29, IL-28A and IL-28B). The major IFNs produced by bronchial epithelial cells are IFN-b and -l [14] . Despite using different receptor complexes, both types of IFNs have functional similarities, including antiviral effects through stimulation of the innate and adaptive immune responses. After secretion, IFNs bind to the surface of infected and neighbouring cells to initiate the Janusactivated kinases (JAKs) and the signal transducers and activators of transcription (STATs). Activation of the JAK-STAT pathway leads to the induction of many IFN-stimulated genes (ISGs), which prevent viral replication, such as MxA [15] , viperin [16] or the 29-59 oligoadenylate synthetase (OAS) family [17] , and also recognise viral RNA, such as retinoic acid inducible gene (RIG)-I [18] , and melanoma differentiation associated gene (MDA) 5 [19] . As asthmatics have defective IFN-b and IFN-l expression, one potential approach to therapy of asthma exacerbations is to augment host IFN responses and induction of antiviral ISG expression.
Macrolides include erythromycin (EM), azithromycin (AM) and the ketomacrolide telithromycin (Tel). They have well-established antibacterial [20] and anti-inflammatory effects [21] [22] [23] , and preliminary evidence showed that they may also have antiviral effects [24] [25] [26] [27] . The antibacterial action of macrolides is through inhibition of protein synthesis via binding to the 50S subunit of bacterial ribosomes. Macrolides also inhibit interleukin (IL)-6 and IL-8 protein production and reduce neutrophil attraction to the site of infection, likely through inhibiting nuclear factor (NF)-kB [21, 28] . Tel was reported to have a beneficial effect in treatment of asthma exacerbations, with Tel-treated patients experiencing greater improvements in lower airway symptoms and lung function compared with placebo-treated patients though the mechanisms of this therapeutic effect are unknown [29] . In vitro studies report an anti-rhinoviral and antiinflammatory effect of some macrolide antibiotics [24, 26, 27] , possibly via a reduction of intercellular adhesion molecule (ICAM)-1 mRNA expression after major-group RV infection, which use ICAM-1 as their receptor. In contrast, antiviral effects were also observed for minor group RVs, which utilise a different receptor [26, 27] . The mechanisms for this effect are therefore unknown.
We hypothesised that the beneficial effects of macrolide antibiotics in asthma exacerbations may be due, at least in part, to their ability to exhibit antiviral activity. In the current study, we used in vitro models of normal primary human bronchial epithelial cell (HBEC) culture and investigated the effects of the macrolides AM, EM and Tel on IFN and ISG gene expression, ISG protein induction and also the antiviral activity during RV infection.
MATERIALS AND METHODS
Cell and virus culture HBECs (Lonza, Cleveland, OH, USA) were cultured in bronchial epithelial cell growth medium according to manufacturer's recommendations. RV1B and RV16 (ATCC, Rockville, IN, USA) were prepared as previously described [30] , and were titrated on HeLa cells to ascertain their 50% tissue culture infective dose (TCID50) per mL [31] . The identity of each virus was confirmed by inhibition with serotypespecific antibody using titration assays. Both viruses were negative for Mycoplasma infection.
Treatment with macrolides and infection of HBECs with RV1B
HBECs were cultured in 12-well tissue culture plates (Nunc, Rochester, NY, USA) until 80-90% confluent before being treated with AM, EM (Sigma-Aldrich, St Louis, MA, USA), and Tel (a kind gift from Sanofi Aventis, Guildford, UK) at a concentration of 10 mM or 50 mM in bronchial epithelial basal medium (BEBM) for 24h. The diluent used for all three macrolides was 96% ethanol, at a final concentration of 0.05% for 50 mM macrolides and was confirmed in preliminary experiments not to have any effect on measured outcomes (data not shown). HBECs were then infected with RV1B, at multiplicity of infection (MOI) 1 or 0.25, or RV16 (MOI of 1) for 1 h with shaking at room temperature and replaced with 1 mL of BEBM. After 8, 24 and 48 h, supernatants and cells were harvested in RLT-buffer (Qiagen, Crawley, UK) for RNA isolation, or in 2% Tris-glycine SDS sample buffer (Invitrogen, Paisley, UK) for protein. Supernatants and lysates were stored at -80uC until analysis.
RNA isolation and cDNA synthesis Total RNA isolation was performed using RNeasy1 mini kit (Qiagen) according to the manufacturer's recommendations. cDNA was prepared using random primers (Promega, Maddison, WI, USA) and Omniscript RT kit (Qiagen) according to manufacturers' recommendations and stored at -80uC.
TaqMan real-time PCR
In a 25-mL PCR reaction, 2 mL cDNA was amplified in a 7500 Sequence Detector, using the 26 QuantiTect Probe PCR Master Mix (Qiagen), 50 nM forward primer, 300 nM reverse primer and 100 nM probe were used for RV, 300 nM primers and 100 nM probe were used for the 18S rRNA internal control, 300 nM forward primer, 900 nM reverse primer and 100nM probe for oligoadenylate synthetase (OAS), IL-29 and IFN-b, and 900 nM primers and 100 nM probes for myxovirus resistance A (MxA), viperin, IL-28, IL-6, IL-8, retinoic acidinducible gene (RIG)-I and melanoma differentiation associated gene (MDA)5 (all FAM-TAMRA labelled). Sequences of primers and probes used are listed in 
Virus titration assay
Supernatants were serially diluted in DMEM containing 4% fetal calf serum (Invitrogen) and titrated on HeLa cells to determine the TCID50?mL -1 of the RV in the supernatants. Each dilution was assayed in eight replicates, and TCID50?mL -1 was calculated according to the Spearman-Karber formula [31] .
Statistical analysis
All data are presented as mean¡SEM. Comparisons of different groups were analysed using ANOVA with Bonferroni posttesting (Prism, GraphPad Software, San Diego, CA, USA). A p-value ,0.05 was considered significant. All experimental work was performed as 3-5 independent experiments. CELL AND ANIMAL STUDIES V. GIELEN ET AL.
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RV1B increased
50 mM AM compared with control (RV1B; fig. 3b ). The effects of EM and Tel on RV-induced ISG mRNA expression were also investigated but neither macrolide had any significant effect (data not shown).
AM increased RV16-induced ISG mRNA and protein expression HBECs were also infected with major-group RV16 following pre-treatment with AM. AM had no significant effects on RV1B-induced proinflammatory cytokines The effects of AM, EM and Tel on RV1B-induced IL-6 and IL-8 mRNA levels were determined by real-time PCR and RV1B-induced IL-8 and IL-6 protein levels were determined by ELISA ( fig. 5 ). AM reduced IL-6 and IL-8 mRNA expression and protein levels modestly but not statistically significantly at either concentration at 24 h post-infection ( fig. 5 ). The effects of EM and Tel on RV1B-induced IL-8 and IL-6 mRNA were also investigated but neither macrolide had any significant effect (data not shown).
AM suppressed RV replication and release
The effects of AM, EM and Tel on RV1B and RV16 release and RNA was measured using a virus titration assay and quantitative PCR for viral RNA. RV1B RNA ( fig. 6a ) at 24 h and 48 h post-infection was nonsignificantly reduced by 10 mM AM and significantly reduced by 50 mM AM (p,0.001). At 48 h post-infection, 10 mM AM also significantly reduced RV1B RNA abundance (p,0.001). Furthermore, the reduction by 50 mM AM was significantly more than by 10 mM AM (p,0.001). RV1B release ( fig. 6c ) was significantly reduced by 50 mM AM at 24 h (p,0.05) and 48 h (p,0.001). AM at a concentration of 10 mM had no significant effect on RV1B release. RV16 RNA abundance was significantly decreased by 50 mM AM at 24 h (p,0.01; fig. 6b ). RV16 RNA at 48 h was also decreased by AM, significantly by 50 mM AM (p,0.001; fig. 6b ). RV16 release was not affected at 24 h post-infection; however, it was significantly affected using AM at 50 mM (p,0.05; fig. 6d ). The effects of EM and Tel on RV1B release and replication were also investigated but neither macrolide had any significant effect on RV replication (data not shown). 
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lines [24, 26, 27] , although the exact a mechanism of this is unclear. In our study, AM, but not EM or Tel, increased RVinduced IFN and ISG responses and reduced RV replication and release in HBECs. The macrolides had no anti-inflammatory effect.
Several macrolide antibiotics have anti-inflammatory effects, demonstrated by inhibition of the production of pro-inflammatory cytokines in vitro [22, [24] [25] [26] [27] [28] 32] . This effect occurs via suppression of NF-kB activation in HBECs [22, 24, 32] . Reduction of cytokines, such as IL-6 and IL-8 can be an advantageous mechanism that leads to attenuation of airway inflammation. Other studies have reported anti-inflammatory activity of clarithromycin, bafilomycin A1 and EM on majorgroup RV infection, and minor-group RV infection for EM, in airway epithelial cells showing reduction of RV induced proinflammatory cytokines [24, 26, 27] . In the present study, we showed no significant reduction of RV1B-induced IL-6 and IL-8 mRNA and protein by AM, EM or Tel. These data question the anti-inflammatory potential of macrolides and the mechanism of this in bronchial epithelial cells.
The conflicting results observed in studies with various macrolides may be explained by differences in the experimental model. In the present study, using primary bronchial epithelial cells, we used shorter incubation times with the macrolides and sampled at 24-48 h post-RV infection, as primary bronchial epithelial cells are more susceptible to RV infection than cell lines, requiring a shorter duration of experimentation. The reduction of RV-induced anti-inflammatory cytokines previously observed by macrolides is also modest, at best. The reduction of pro-inflammatory molecules by macrolides in micromolar concentrations range from 80 to 25% [24, 26, 27] . In contrast, corticosteroids reduce RV-induced pro-inflammatory cytokine production by 70-85% in bronchial epithelial cells using nanomolar concentrations [33] . Therefore, the anti-inflammatory effects observed with macrolides are modest if compared to the anti-inflammatory effects of corticosteroids and require much higher doses, questioning their real use as anti-inflammatory agents.
A possible mechanism of anti-RV activity of macrolides has been demonstrated as reduction of ICAM-1, the receptor of major group RVs. However, the anti-RV effects of macrolides cannot be completely explained by this. A range of studies have suggested that macrolides inhibit replication of both major and minor groups of RV [24, 26, 27] . Furthermore, a study by SUZUKI et al. [27] observed anti-viral effects of EM on minor group RV2, but no reduction in the low-density lipoprotein receptor, the receptor for minor group RV. Our study further supports that the anti-viral effects of macrolides are not completely dependent on reduction of ICAM-1, as our results show suppression of viral replication with minor-group RV1B and major-group RV16, which therefore cannot be explained by reduction of the major group RV receptor, ICAM-1.
In our studies, AM reduced RV1B and RV16 replication and release into supernatants, and increased ISG gene and protein expression. The ISGs studied have been shown to have antiviral activity. Recently viperin, one of the RV-induced ISGs increased by AM, is required for the host defence against RV infection in HBECs [34] . The antiviral role for the other ISGs investigated in the present study have not been yet established to have rhinoviral activity in bronchial epithelial cells, yet are well established in other viral infections [35, 36] .
AM also induced the mRNA and protein of the important intracellular dsRNA and ssRNA pattern recognition molecules, RIG-I and MDA5, required for IFN-b induction [18] . Hence, not only are macrolides responsible for direct induction of antiviral genes, but they also upregulate the sensors of viral infection. This may be desirable for use as a therapeutic treatment given shortly after viral infection, whereby macrolides, if given topically to the airway during viral infection, could potentially increase the number of sensory molecules ready to detect and respond to replicating viral nucleic acid.
We found that the macrolides did not induce antiviral genes by themselves. Currently we do not understand the mechanism of how AM induces anti-viral activity in the presence of RV infection. Antiviral ISGs can be induced via IRF transcription factors following virus infection [37] . One possible mechanism of AM could be activation of signalling pathways including IkBkinase (IKK)-b [38] , IKK-i/e [37] and TBK-1 [39] , producing interferon-regulatory factor (IRF) activation. Alternatively, macrolides may act via the type I IFN receptor complex (IFNAR1), inducing IRF9, IRF7 and STAT1/2, producing the transcription factor ISGF3 [40, 41] . AM could, in theory, act on the IFNAR1 complex, or the receptor complex for IL-29 and IL-28 [42] .
In vivo studies of macrolides have shown contradictory results. Clarythromycin had no effect on the development of cold symptoms and nasal inflammation In contrast, the TELICAST (telithromycin in acute exacerbations of asthma) study demonstrated the potential benefits of the macrolide antibiotic Tel in the treatment of asthma exacerbations [29] . Whether the success of the TELICAST study was in part due to antiviral activity is unknown. Interestingly, we found no antiviral activity of Tel in vitro, suggesting that the positive effect of Tel in asthma exacerbations is either unrelated to virus infection or through antiviral properties in other cell types and different immune responses during infection. These data demonstrate that, although studies in cell lines are important and useful in defining mechanisms, results need to be confirmed in vivo. A similar study examining the effects of AM as a treatment for asthma exacerbations would therefore be appealing.
In summary, we present a possible new mechanism of antirhinoviral activity of macrolides in HBECs. This is the first study showing antiviral effects of macrolides in primary HBECs, which is the site of infection of RV in vivo and therefore important in rhinovirus induced asthma exacerbations [43, 44] . While only modest, the upregulation of IFNs and ISGs and suppression of RV replication may have consequences on asthma exacerbations and may further explain the antiviral effects seen in previous studies. The importance and protective role of IFN-b and IFN-l in asthma exacerbations have recently been shown [12, 13] , and epidemiological studies have provided a model of the disease burden associated with RV-induced asthma exacerbations. Whether the antiviral effects of AM can be used as a therapeutic treatment for asthma exacerbations requires further study in appropriate animal and human models. 
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